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Abstract 
Fatigue properties in high pressure gaseous hydrogen environment were investigated for pipe materials used in fuel cell vehicles
and hydrogen stations. Cyclic pressurization tests were conducted using a tubular specimen filled with hydrogen pressurized up 
to 90MPa. Tested materials were types 316L, 304 and A286 stainless steels, low alloy steels such as JIS SCM435 (1.0Cr-0.2Mo), 
Cr-Mo-V steels. The fatigue life in hydrogen was compared with that in inert gas to evaluate the effect of gaseous hydrogen on 
fatigue properties. The fatigue life in hydrogen was slightly shorter than that in argon in the case of a stable stainless steel type 
316L. In contrast, a metastable stainless steel type 304 showed a remarkable degradation of the fatigue life in the hydrogen 
environment. Although the fatigue lives in hydrogen of type 316L and 304 stainless steels decreased with the increase in the 
cycle times, the fatigue lives remained unchanged over 102 of the cycle time. The fatigue life of low alloy SCM435 steel in 
hydrogen extremely decreased. The fatigue life of high-strength austenitic steel A286 in hydrogen is much better than that of low
alloy SCM435 steel at the same tensile strength. The Cr-Mo-V steels showed longer fatigue lives than JIS SCM 435 at same 
strength levels in hydrogen. Fracture surfaces revealed transgranular cracking for the Cr-Mo-V steels, while intergranular 
cracking was observed for SCM435 with tensile strength more than 1.2GPa. It was assumed that the carbide precipitation 
affected the fracture morphology. 
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1.  Introduction 
Material properties in a high-pressure gaseous hydrogen environment have to be clarified in order to choose the 
appropriate materials for ensuring the safe operation of the metallic components, such as tubing and pressure vessels 
exposed to high pressure gaseous hydrogen in fuel cell vehicles and hydrogen stations.  
“Establishment of codes and standards for hydrogen economy society” project started in 2005 as a national 
project in Japan.  This project addresses the targets on the developments of hydrogen production, storage, 
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transportation and safe use systems, and started to investigate mechanical properties of several candidate materials 
by tensile or fatigue evaluations in high pressurized hydrogen gas environments. 
The susceptibility to hydrogen embrittlement and the fatigue properties of several alloys were evaluated by 
SSRT (Slow Strain Rate Test) and a cyclic pressurization test using tubular specimens filled with hydrogen 
pressurized up to 90MPa [1-7].  In this study, the fatigue properties in hydrogen were evaluated by comparing them 
with those in argon gas. The degradation mechanism is discussed from the viewpoint of fracture morphologies as 
well as microstructural features.   
2. Experimental 
2.1. Materials 
Tested materials were types 316L (0.014C-16Cr-12Ni-2.1Mo), 304 (0.05C-18Cr-9Ni-0.1Mo) and A286 (0.05C-
15Cr-24.1Ni-0.3V-2.1Ti) stainless steels, low alloy steel JIS SCM435 (0.4C-1Cr-0.26Mo) andCr-Mo-V steels 
(Steel A; 0.27C-0.5Cr-0.7Mo-0.1V and Steel B; 0.4C-1Cr-0.7Mo-0.25V). The tensile strengths of types 316L and 
304 were adjusted by solution heat treatments, to 551MPa and 569MPa respectively. As for type 316L large scale 
tensile specimens with 40mm thickness were taken from hot-rolled plate, then 30% plastic strain was applied by 
tensile tests at room temperature. The tensile strength of the cold worked type 316L was 723MPa. 
Many kinds of materials have to be applied for the wide use of fuel cell vehicles although only aluminum alloy 
A6061-T6 and type 316L are recommended as liner material of FRP (Fiber Reinforced Plastics) tanks in fuel cell 
vehicles under High Pressure Gas Safety Act in Japan. A286 and cold worked type 316L are expected to be used for 
weight saving with an increase in hydrogen pressure in future. Additionally it is necessary to clarify the applicability 
of economic steels such as type 304 and low alloy steels. SCM435 steel has been used for accumulators in hydrogen 
stations.  
2.2.  Internal and external fatigue tests 
In the internal pressure fatigue test the tubular specimen is filled with hydrogen gas or inert gas, and its pressure 
is cyclically varied (Fig.1 (a)). Therefore the stress is applied by pressure fluctuation, so it is comparatively easy to 
evaluate fatigue properties in very high pressure hydrogen gas. In the internal pressure fatigue test the internal 
pressure was cyclically varied from minimum pressure 10 MPa to maximum pressure 85 MPa within a frequency 
range between 0.00167 and 0.0167 Hz. Either hydrogen or nitrogen gas was used as the inner gas; the purity of the 
hydrogen gas was 99.99999%. On the other hand in the external pressure fatigue test the internal pressure is kept 
constant and the outside of the specimen is cyclically pressurized by water(Fig.1(b)) with a frequency of 0.05Hz at 
room temperature with a triangle wave. Either hydrogen or argon gas was used as the inner gas. The value of 
external waterpressure was determined so that the stress ratio (ratio of minimum stress to maximum stress at the 
inner surface) was equal to zero.  
NotchNotch 
(a) Internal pressure fatigue test                                            (b) External pressure fatigue test 
Fig.1.  Schematic view of internal and external pressure fatigue tests 
When the fatigue crack penetrated the outer surface, the internal pressure decreased by leakage of the inner gas in 
these tests. The number of cycles to reach the leakage from the beginning of the test is defined as the fatigue life in 
this study. Pre-cracked specimen, shown in Figure 2, as well as a smooth specimen was used. The depth and the 
length of the notch in the pre-cracked specimen were 1mm and 5mm, respectively. 
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Fig.2 Example of dimensions of pre-cracked specimen.  
3. Results 
The relationship between stress amplitude and the fatigue life of pre-cracked specimens by external fatigue test 
is shown in Figure 3. The fatigue life in hydrogen was slightly shorter than that in argon in the case of stable 
stainless steels types 316Land cold worked 316L. In contrast, A286 and a metastable 304 type stainless steel 
showed a remarkable degradation of the fatigue life in the hydrogen environment. The relationship between stress 
amplitude and the fatigue life of smooth specimens is shown in Figure 4. Type 304 and A286 showed a remarkable 
degradation of the fatigue life in the hydrogen environment even without the pre-crack.  
     Figure 5 shows the effect of tensile strength on fatigue life ratio of low alloy steels. The fatigue life ratio was 
defined as the fatigue life in hydrogen over that in argon. The fatigue life ratios of low alloy steels were degraded 
with an increase of the tensile strength. The fatigue life ratios of the Cr- Mo-V steels were larger than that of 
SCM435. 
The relationship between fatigue lives of austenitic stainless steels types 316L and 304 and cycle times by 
internal fatigue test are shown Figure 6. Although the fatigue lives in hydrogen of type 316L and 304 stainless steels 
decreased with the increase in cycle time, the fatigue lives remained unchanged over 102 of the cycle time. The 
fatigue lives in nitrogen of these stainless steels were not affected by the cycle time. 
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Fig.4 Results of fatigue tests for smooth specimen.Fig.3 Results of fatigue tests for pre-cracked specimen. 
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of low alloy steels. of stainless steels
4. Discussion 
4.1.  Fatigue degradation mechanism of type 304 stainless steel 
It is generally reported that the fatigue degradation in hydrogen depends upon strain-induced martensitic 
transformation in metastable austenitic stainless steel [8, 9]. Therefore, the microstructure at the crack tip of type 
304 was observed by Electron Back Scatter Diffraction Pattern (EBSD). Figure 7 and 8 show EBSD images near the 
crack tip of type 304 after an external fatigue test, which was interrupted. The martensitic phase was observed 
around the fatigue crack tip and only the each side of the crack propagation. The martensitic phase near the crack tip 
was observed on the slip line. It was expected to clarify that fatigue crack in hydrogen environment and the strain-
induced martensitic phase as increasing the strain-introduced martensitic phase in the large strain case, hence in 
order to clarify the relationship between fatigue crack in hydrogen and the martensitic phase clearly the sample after 
an external fatigue test was observed by EBSD. Figure 9 and 10 show EBSD images near the crack tip after an 
external fatigue test. Fatigue crack propagation was observed along the interface between the martensitic phase and 
the austenitic phase. Hydrogen diffuses more rapidly in the martensitic phase than in the austenitic phase. Therefore 
it was considered that the base metal near the crack tip was embrittled due to hydrogen accumulation [10], which 
was supplied through the strain-induced martensitic phase. 
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4.2 Fatigue degradation mechanism of A286 steel 
Examples of the fracture surface observed by using a scanning electron microscope (SEM) for A286 steel are 
shown in Figure 11.The fracture surface of the smooth specimen reveals intergranular fracture, while the fracture 
surface of pre-cracked specimen shows secondary cracking. The fatigue degradation of A286 in hydrogen could not 
be explained based on martensitic transformation, because the high-nickel content of A286 makes it resistant to 
strain-induced phase transformation. Two mechanisms concerning the fatigue degradation in hydrogen are 
considered. The grain of A286 is strengthened by precipitated γ’- phase (Ni3(Al, Ti)).  The γ’-phase can localize the 
slip, resulting in the occurrence of secondary cracking across the main slip. Furthermore, η-phase (Ni3Ti)
precipitated along grain boundaries, as shown in Figure 12, should promote intergranular fatigue degradation. 
Fig.11 SEM images of fracture surface of A286 after external 
(b)Pre-cracked specimen (a)Smooth specimen 
pressure fatigue test (H2 gas, pi=85MPa). 
Fig.12 TEM image of grain boundary of A286. 
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4.3 Fatigue degradation mechanism of low alloy steels 
Examples of fracture surface observed in a SEM for SCM435 and Steel B are shown in Figure 13. Transgranular 
fracture was observed in Steel B while intergranular fracture was observed in the SCM435 at the same strength level. 
Figure 14 shows TEM images near the grain boundary ofthe Steel B and SCM435. In the Steel B, the carbides 
were spheroidized and dispersed uniformly both on the grain boundaries and within grains. In SCM435, carbides 
were needle-like along the grain boundaries. The difference in carbides precipitation should affect the fracture 
morphology. Figure 15 shows pattern diagram of mechanism of hydrogen embrittlement. Since carbides particles 
act as trapping sites, dislocation involved hydrogen concentrates near the carbides precipitation sites. It is considered 
that hydrogen accumulates at the interface of needle-like carbides, resulting in intergranular fatigue fracture. 
Fig.14 Comparison of carbide morphology between SCM435 and the SteelB.
(b)Steel B (TS: 875MPa)  
1μm
(a) SCM435 (TS: 854MPa) 
1μm
Fig.13 SEM images of fracture surface at SCM435 and the Steel B at the same strength level (H2 gas, pi=85MPa). 
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Fig.15 Mechanism of hydrogen embrittlement of low alloy steels. 
(a)SCM435 (b)Steel B 
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Conclusion
The external and internal pressure fatigue tests were conducted with tubular specimens of types 316L, 304 and 
A286 austenitic stainless steels and low alloys SCM435 and Cr- Mo-V steels. Fatigue properties in high pressure 
hydrogen gas were compared with those in argon. The mechanism of fatigue properties were discussed from the 
viewpoint of microstructural alteration and fracture surface morphologies. Following results were obtained. 
1) As for stable austenitic stainless steels types 316L and cold worked 316L, the difference in the fatigue life 
between hydrogen and argon environments was small. In contrast, as for A286 and metastable austenitic stainless 
steel type 304, the fatigue lives were shorter than those in argon. The degradation in fatigue properties of type 304 
steel was supposed that the base metal near the crack tip was embrittled due to hydrogen accumulation, which was 
supplied through the strain-induced martensitic phase. The grain of A286 is strengthened by precipitated γ’-phase 
(Ni3 (Al, Ti)), which can localize slip, resulting in the occurrence of secondary cracking across the main slip. 
Furthermore η-phase (Ni3Ti) precipitated along grain boundaries, resulting in the intergranular fatigue degradation. 
2) As for low alloy steels, the fatigue life in hydrogen was shorter than in argon with an increase in the tensile 
strength. In Cr-Mo-V steels, carbides were spheroidized and dispersed both on the grain boundaries and within 
grains. In SCM435, carbides were needle-like along the grain boundaries. It is assumed that the difference in carbide 
precipitation affected the fracture morphology, resulting in the difference in the fatigue properties. 
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